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The crystal structure of dienoyl-CoA isomerase at 1.5 Å
resolution reveals the importance of aspartate and glutamate
sidechains for catalysis
Yorgo Modis1, Sirpa A Filppula2, Dmitri K Novikov2, Brian Norledge1, 
J Kalervo Hiltunen2 and Rik K Wierenga1†*
Background: The degradation of unsaturated fatty acids is vital to all living
organisms. Certain unsaturated fatty acids must be catabolized via a pathway
auxiliary to the main β-oxidation pathway. Dienoyl-coenzyme A (dienoyl-CoA)
isomerase catalyzes one step of this auxiliary pathway, the isomerization of
3-trans,5-cis-dienoyl-CoA to 2-trans,4-trans-dienoyl-CoA, and is imported into
both mitochondria and peroxisomes. Dienoyl-CoA isomerase belongs to a family
of CoA-binding proteins that share the enoyl-CoA hydratase/isomerase
sequence motif.
Results: The crystal structure of rat dienoyl-CoA isomerase has been determined
at 1.5 Å resolution. The fold closely resembles that of enoyl-CoA hydratase and 4-
chlorobenzoyl-CoA dehalogenase. Dienoyl-CoA isomerase forms hexamers made
up of two trimers. The structure contains a well ordered peroxisomal targeting
signal type-1 which is mostly buried in the inter-trimer space. The active-site pocket
is deeply buried and entirely hydrophobic, with the exception of the acidic residues
Asp176, Glu196 and Asp204. Site-directed mutagenesis of Asp204 revealed that
this residue is essential for catalysis. In a molecular modeling simulation, a molecule
of 3-trans,5-cis-octadienoyl-CoA was docked into the active site.
Conclusions: The structural data, supported by the mutagenesis data, suggest
a reaction mechanism where Glu196 acts as a proton acceptor and Asp204
acts as a proton donor. Asp176 is paired with Glu196 and is important for
optimizing the catalytic proton transfer properties of Glu196. In the predicted
mode of substrate binding, an oxyanion hole stabilizes the transition state by
binding the thioester oxygen. The presence of a buried peroxisomal targeting
signal suggests that dienoyl-CoA isomerase is prevented from reaching its
hexameric structure in the cytosol.
Introduction
Fatty acids are vital to all living organisms, not only as a
concentrated source of metabolic energy but also as pre-
cursors of hormones, as intracellular messengers, and as
building blocks for biological membranes. Fatty acids can
be metabolized by the sequential removal of two-carbon
units by oxidation at the β carbon. The main pathway for
this so-called β oxidation of fatty acids consists of four
steps: oxidation of the β carbon to form a double bond;
hydration; dehydrogenation; and thiolysis (Figure 1). In
eukaryotes, this pathway is confined to mitochondria and
peroxisomes [1]. Only saturated fatty acids, or cis- or trans-
unsaturated fatty acids with double bonds extending from
even-numbered carbon atoms, can enter the main β-oxi-
dation pathway, but most natural fatty acids are cis unsat-
urated at either odd- or even-numbered positions [2].
Thus, in addition to the main pathway, a number of auxil-
iary pathways have evolved to allow various types of fatty
acids and their derivatives to enter the main β-oxidation
pathway [3–7]. Cis-unsaturated fatty acids with double
bonds extending from odd-numbered carbons are particu-
larly important as they include essential fatty acids such
as linoleate (9,12-18:2) and linolenate (9,12,15-18:3),
which cannot be synthesized in mammals, as well as
arachidonate (5,8,11,14-20:4) [2]. The auxiliary pathway
responsible for the metabolism of these fatty acids
involves three enzymes [8] (Figure 1). ∆3,5,∆2,4-dienoyl-
coenzyme A (dienoyl-CoA) isomerase  shifts two double
bonds from positions 3 and 5 to positions 2 and 4, respec-
tively [9]. The product is passed on to 2,4-dienoyl-CoA
reductase, an NADPH-dependent enzyme which, in turn,
produces 3-enoyl-CoA. The third enzyme in the auxiliary
pathway is ∆3,∆2-enoyl-CoA isomerase (Figure 1). It has
been shown that all three enzyme activities of this
pathway are present in mammals in both mitochondria
and peroxisomes [9–12].
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The work presented here describes the three-dimen-
sional structure at 1.5 Å resolution of unliganded recom-
binant dienoyl-CoA isomerase from rat. The enzyme has
only recently been purified and characterized [9,13].
Kinetic measurements have been reported for fatty acyl-
CoA molecules with fatty-acid tails of up to 20 carbon
atoms. The best substrates were 3-trans,5-cis unsaturated,
while the products were exclusively 2-trans,4-trans unsat-
urated. A gene cloned and characterized by Valle and
coworkers [14] was shown to encode dienoyl-CoA iso-
merase, which is imported into mitochondria as a 32 kDa
protein and into peroxisomes as a 36 kDa protein [15].
The dual location and the different molecular weights are
consistent with the presence of both a cleavable N-termi-
nal mitochondrial signal sequence and a C-terminal
peroxisomal targeting signal type 1 (PTS1), also known as
a C-terminal microbody targeting signal (CMTS) [15].
Sequence comparisons show that dienoyl-CoA isomerase
belongs to a family of CoA-binding proteins that share 
the enoyl-CoA hydratase/isomerase sequence motif
(PROSITE entry PS00166). Members of this family have
low levels of sequence identity (Figure 2), but all are
believed to adopt the same overall fold [16]. Indeed, the
crystal structures of two members of the hydratase/iso-
merase family — enoyl-CoA hydratase and 4-chloroben-
zoyl-CoA dehalogenase — have been solved and were
found to be very similar [17,18]. Dienoyl-CoA isomerase
also adopts the same fold and, like enoyl-CoA hydratase,
it forms a hexamer in solution [15]. The PTS1 has a well-
defined structure in the dienoyl-CoA isomerase hexamer
and is only partly accessible to the solvent, which raises
questions concerning the import mechanism into the per-
oxisome. The structure of dienoyl-CoA isomerase, in
combination with mutagenesis and molecular modeling
studies, allows a reaction mechanism to be proposed.
Results
Quality of the model
Dienoyl-CoA isomerase crystals grow in the presence of
1.75 M magnesium sulphate and diffract beyond 1.5 Å 
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Structure
The pathways responsible for catabolism of saturated and unsaturated
fatty acids. The β-oxidation pathway (proceeding vertically) and the
auxiliary pathway for fatty acids with double bonds extending from odd-
numbered positions (proceeding horizontally and shaded in gray) are
shown. Each pathway occurs in both mitochondria and peroxisomes, but
peroxisomal enzymes (*) show a preference for longer fatty-acid tails than
their mitochondrial homologs (†). Furthermore, enzymes catalyzing a given
reaction may have different mechanisms, as in step 1 [1,2], or different
stereospecificities, as in steps 2 and 3 [52]. R and R2 refer to saturated
and unsaturated alkyl groups, respectively. The cis/trans conformations of
the double bonds of unsaturated fatty-acid tails correspond to the known
chemical preferences of the respective enzymes.
resolution. The crystals belong to the space group P3121
and have one trimer per asymmetric unit. The model was
refined at 1.5 Å resolution and consists of three tightly asso-
ciated monomers of dienoyl-CoA isomerase, eight sulphate
ions, seven ethylene glycol molecules, and four hydrated
magnesium ions. The positions of all sidechains are unam-
biguously defined by the electron-density map. Forty
sidechains were refined in two alternative conformations.
None of these residues is near the active site. The active-
site pocket contains several ordered water molecules and a
well-defined ethylene glycol molecule at the bottom of the
pocket, but no magnesium or sulphate ions. The refine-
ment statistics and the geometry of the protein in the
model are satisfactory (Table 1). There are no residues with
φ or ψ angles in disallowed regions of the Ramachandran
plot. The final model contains all sidechains from residues
53–327, including the C-terminal PTS1, for all three sub-
units. Although no non-crystallographic restraints were used
at any stage of the refinement, the structures of the three
subunits are essentially identical. A comparison of the Cα
positions between the three subunits shows that subunits B
and C are identical, with an overall root mean square differ-
ence (rmsd) Cα of 0.32 Å (Table 1); in subunit A, residues
307–321 follow a slightly different path with differences of
up to 3 Å with respect to subunits B and C. These residues,
just before the C terminus, form a loop on the surface of the
hexamer. The B factors of this loop are relatively high,
whereas the C-terminal peptide with the PTS1 (residues
325–327) is well-defined with low B factors in all three sub-
units. The loop between helices 2A and 2B, near the active-
site pocket, also has high B factors in each subunit.
Overall fold
Rat dienoyl-CoA isomerase adopts the same overall fold as
rat enoyl-CoA hydratase [17] and Pseudomonas 4-chloro-
benzoyl-CoA dehalogenase [18]. The sequence identity
between these three enzymes is low (Figure 2c), but each
has the hydratase/isomerase sequence ‘fingerprint’. This
sequence forms a fold consisting of two domains (Figure 2).
The N-terminal, or catalytic, domain is a right-handed
spiral of four turns, where each turn consists of two
β strands and an α-helical region of one or two helices, fol-
lowed by an αβαβ motif (referred to as the T1 domain in
enoyl-CoA hydratase [17]). The β strands are assembled
into two β sheets, A and B, with six and five strands respec-
tively, the last strand of each sheet being contributed by
the αβαβ motif; the two sheets are roughly perpendicular
to each other. The β sheets of dienoyl-CoA isomerase
superimpose well on those of enoyl-CoA hydratase and
4-chlorobenzoyl-CoA dehalogenase, giving rmsd values for
the 27 Cα atoms of 0.5 Å and 0.6 Å, respectively
(Figure 3). Helix 3 (residues 173–180), referred to as the
‘active-site’ helix in enoyl-CoA hydratase, is buried deeply
in the hydrophobic core and also superimposes well, but
the other helices in the spiral (1, 2A, 2B and 4) super-
impose poorly. In particular, the helices of the second turn
of the spiral, 2A and 2B, are longer and better defined in
dienoyl-CoA isomerase than in enoyl-CoA hydratase.
Helix 2B protrudes markedly into the inter-trimer space
(Figure 4); this helix forms part of the substrate-binding
pocket (see below). 
The catalytic domain is followed by an α-helical domain
which is responsible for most of the contacts stabilizing the
trimer in dienoyl-CoA isomerase, as well as in enoyl-CoA
hydratase and 4-chlorobenzoyl-CoA dehalogenase. It will
be referred to here as the trimerization domain and is anal-
ogous to the T2 domain in enoyl-CoA hydratase [17]. It
consists of helices 7 to 10. Helix 7 is still closely associated
with the catalytic domain and shields sheet A from the
solvent. The rest of the trimerization domain has few inter-
actions with the catalytic domain, but locks tightly into a
neighbouring subunit within the same trimer (Figure 4). 
Quaternary structure
Dienoyl-CoA isomerase has been shown to form hexamers
in solution [15], as does enoyl-CoA hydratase [19].
Although our P3121 crystal form of dienoyl-CoA isomerase
contains only one trimer per asymmetric unit, the trimers
pack in pairs related by a crystallographic twofold axis in
the crystal lattice, forming hexamers. The assembly of
trimers into hexamers is similar in enoyl-CoA hydratase
and dienoyl-CoA isomerase (data not shown). The sub-
units forming each trimer are tightly associated with each
other. There are approximately 55 interactions with inter-
atomic distances of less than 3.5 Å between any two sub-
units. Most interactions are between sidechain atoms, but
mainchain–mainchain and sidechain–mainchain interac-
tions are also present. The surfaces of each subunit in the
trimer are highly complementary and there is a consider-
able degree of interdigitation between the subunits (see
Figure 4). The trimers form disks of about 80 Å in dia-
meter and 40 Å in thickness. The interactions between
trimers are concentrated in three areas of the trimer–trimer
interface, namely where helix 2B from the catalytic domain
protrudes into a trough formed by the trimerization
domain. There are approximately 60 interactions with
interatomic distances of less than 3.5 Å in this area. The
rest of the intertrimer space is solvent-accessible (Figure 4)
and contains many ordered solvent molecules.
The active-site pocket
The crystal structure of dienoyl-CoA isomerase shows the
active site in its unliganded geometry. Nevertheless, the
location of the active site and the mode of binding of the
CoA moiety can be deduced from the structural similari-
ties of dienoyl-CoA isomerase, enoyl-CoA hydratase and
4-chlorobenzoyl-CoA dehalogenase. The active-site pocket
is formed by residues in helices 2A, 2B and 3, the loop
between strand B4 and helix 4, as well as by residues in
helices 9 and 10 of the trimerization domain of the adjacent
subunit (Figure 5a). The narrowest part of the pocket is at
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its entrance, where the distance between Cγ of Glu196 and
Cγ2 of Ile117 is 6.7 Å. The pocket is lined exclusively with
hydrophobic residues, with the exception of the acidic
residues Asp176, Glu196 and Asp204. The pocket contains
a well-defined ethylene glycol molecule and ten water
molecules, nine of which are clustered together (Figures 5a
and 6a). The ethylene-glycol hydroxyl groups are hydrogen
bonded to the carboxylate atoms of Asp204. The water
cluster is hydrogen bonded to the ethylene glycol mol-
ecule, to sidechains of Glu196 and Asp204, and to main-
chain atoms of Ser115, Ile117 and Gly173 (Figure 6a).
Three of these water molecules have relatively low
B factors (Wat78, Wat63 and Wat224, Figure 6a). The posi-
tion of Wat224 near the mainchain nitrogens of Ile117 and
Gly173 corresponds to that of the thioester oxygen atom of
the substrate analog in the crystal structures of enoyl-CoA
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hydratase complexed with substrate analogs [17,20]. The
equivalent residues in enoyl-CoA hydratase, namely Ala98
and Gly141, form what is referred to as the oxyanion hole.
The loop residues near Ala98 in enoyl-CoA hydratase, and
by structural analogy near Ile117 in dienoyl-CoA iso-
merase, are also important for providing a conserved
hydrogen-bonding interaction with N6 of the adenine
moiety of the substrate [20]. 
A possible mode of binding of a favoured substrate, 3-trans,
5-cis octadienoyl-CoA in the active-site pocket is shown in
Figure 5b. The mode of binding was obtained from a biased
probability Monte Carlo (BPMC) docking simulation, using
the progam ICM [21]. The thioester oxygen atom of the sub-
strate was tethered by distance restraints to the mainchain
nitrogens of Ile117 and Gly173. The resulting model for the
substrate molecule has no van der Waals clashes with the
protein. The bonds between C2 and C3, and between C4
and C5 are in the trans conformation. This is compatible
with the known chemical preference of dienoyl-CoA iso-
merase to produce 2-trans,4-trans substrates [9]. The fatty-
acid tail of the modeled substrate is in contact with a number
of hydrophobic residues, but also with Glu196 and Asp204.
This indicates an important functional role for these
sidechains in the catalytic mechanism of dienoyl-CoA iso-
merase, as will be discussed in the next section.
Closer examination of the active-site architecture reveals an
extensive hydrogen-bonding network which could restrict
the conformational freedom of the acidic residues in the
active site, and of Asp176 and Asp204 in particular. The
sidechain of Asp176 is rigidly fixed by hydrogen bonds to
the mainchain nitrogens of residues 206 and 207 in the loop
preceding helix 4, as well as to the sidechain of Thr207
(Figure 6a). It is also hydrogen bonded to the Oε1 atom of
Glu196. This hydrogen bond can only exist if one or both
sidechains are protonated. Such hydrogen bonds between
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Table 1
Refinement data and quality of the model.
Refinement statistics
Total number of reflections 15–1.5 Å 144,296
Working set: number of reflections 137,065
Rfactor (%) 17.6
Test set: number of reflections 7231
Rfree (%) 20.5
Total no. of protein atoms 6483
Total no. of water atoms 949
Total no. of other solvent atoms* 99
No. of residues with two conformations 
(A, B, C) 40 (12, 15, 13)
No. of protein atoms with two positions 108
Geometry statistics
Rmsd (bond distance) (Å) 0.010
Rmsd (bond angle) (°) 1.4
Rmsd B
mainchain bonded atoms (Å2) 1.83
sidechain bonded atoms (Å2) 2.66
all bonded atoms (Å2) 2.27
Average B
all atoms (Å2; A, B, C) 19.3 (17.4, 16.9, 16.5)
mainchain atoms (Å2; A, B, C) 15.8 (16.3, 15.8, 15.3)
sidechain atoms (Å2; A, B, C) 17.2 (17.6, 17.1, 16.7)
water molecules (Å2) 34.4
other solvent molecules*(Å2) 30.6
ethylene glycol, sulphate, Mg(H2O)6 (Å2) 26.2, 40.1, 21.3
χ1,χ2 imperfection (°)† 28.4
Ramachandran plot
most favored region‡ (%) 92.6
additionally allowed regions‡ (%) 7.3
generously allowed regions‡ (%) 0.1
disallowed regions‡ (%) 0.0
Non-crystallographic symmetry§
Rmsd (Cα) (Å) 0.68, 0.63, 0.32
Rmsd B
all atoms (Å2) 4.1, 3.8, 4.1
mainchain atoms (Å2) 3.9, 3.1, 3.8
sidechain atoms (Å2) 4.2, 4.5, 4.3
Rmsd φ (°) 5.2, 4.6, 4.3
Rmsd ψ (°) 9.0, 11.3, 5.8
Average |∆φ| (°) 3.3, 3.1, 2.9
Average |∆ψ| (°) 3.6, 3.8, 3.1
*The other solvent atoms include seven ethylene glycol molecules,
eight sulphate ions and four Mg(H2O)6 complexes. †The χ1,χ2
imperfection value [51] is the rmsd between observed χ1,χ2 values
and the nearest preferred values as defined by a database of well-
refined structures. ‡Residue regions as defined by the program
PROCHECK [46]. §Non-crystallographic symmetry of subunits A and
B, A and C, B and C.
Figure 2 continued
The overall structure and sequence of dienoyl-CoA isomerase.
(a) Stereo picture of the Cα trace of dienoyl-CoA isomerase. The
spiral-fold motif and the αβαβ motif of the catalytic domain are shown
in blue and the trimerization domain in yellow. (b) Stereo picture of
dienoyl-CoA isomerase showing secondary structure elements. The
coloring scheme is the same as in (a). (Figures (a) and (b) were
prepared using the programs MOLSCRIPT [53] and Raster3D [54].)
(c) Sequence alignment of dienoyl-CoA isomerase (DECI), enoyl-CoA
hydratase (ECH) and 4-chlorobenzoyl-CoA dehalogenase (DEHAL).
The secondary structure elements of dienoyl-CoA isomerase are
indicated above the sequences: β strands are identified by arrows,
α helices by yellow and blue cylinders and 310 helices by black
cylinders. The secondary structure elements are colored according to
the domain they belong to: blue for the catalytic domain and yellow for
the trimerization domain. The residues that are homologous in all three
sequences are color-coded according to the chemical character of the
residue: green for hydrophobic, purple for basic, red for acidic and
yellow for other residues. The polar residues pointing into the active-
site pocket of dienoyl-CoA isomerase, including the two putative
catalytic residues, Glu196 and Asp204, are labeled with asterisks. The
two residues involved in the formation of the oxyanion hole for the
thioester oxygen of the substrate (Ile117 and Gly173) are labeled with
black circles. The hydrophobic residues pointing into the active site are
marked by black triangles. The PTS1 of dienoyl-CoA isomerase
consists of the SKL peptide (Ser–Lys–Leu) at the C terminus. The
catalytic residues of each of the three enzymes are boxed. The flexible
loop residues of enoyl-CoA hydratase are highlighted in gray. These
residues are disordered in the structure of the octanoyl-CoA–enoyl-
CoA hydratase complex. The sequence identities between the three
enzymes are as follows: 24% between dienoyl-CoA isomerase and
enoyl-CoA hydratase; 22% between dienoyl-CoA isomerase and
4-chlorobenzoyl-CoA dehalogenase; and 22% between enoyl-CoA
hydratase and 4-chlorobenzoyl-CoA dehalogenase.
sidechain carboxylates have been found in several other
structures [22]. The Oε1 atom of Glu196 is also hydrogen
bonded to its own mainchain nitrogen, as well as to Gly172
and Thr207 via a bridging water molecule, Wat63. The Oε2
atom of Glu196 is hydrogen bonded to the sidechain of
Asp204 via another bridging water molecule, Wat78. Both
Wat63 and Wat78 have low B factors and are in contact with
the acidic residues in the active site. These water molecules
may therefore play a role in catalysis. One of the sidechain
oxygens of Asp204 has hydrogen bonds to its own peptide
nitrogen and to the mainchain nitrogen of Val205; the other
sidechain atom of Asp204 is anchored to Asn297 of helix 9
of the adjacent subunit (Figure 6a).
Comparison of the active sites of dienoyl-CoA isomerase
and enoyl-CoA hydratase 
A comparison of the active-site geometry of dienoyl-CoA
isomerase and enoyl-CoA hydratase, as seen in complex
with octanoyl-CoA, reveals some key similarities. The two
enzymes were superimposed using the coordinates of the
β strands. As is illustrated in Figure 5c, the active site helix
(helix 3) superimposes rather well, whereas helices 2A, 2B
and 9 (of the adjacent subunit) do not superimpose very
well. The catalytic residues of enoyl-CoA hydratase,
Glu144 and Glu164, are structurally equivalent to two of
the acidic residues in the active-site pocket of dienoyl-CoA
isomerase, Asp176 and Glu196. This suggests that Asp176
and Glu196 are important for catalysis in dienoyl-CoA iso-
merase. There is a hydrogen bond between these two
sidechains in dienoyl-CoA isomerase, but not in enoyl-CoA
hydratase, in which the sidechains do not interact directly,
regardless of the presence, or absence, of a substrate analog
[20]. Thus, the roles in catalysis of Asp176 of dienoyl-CoA
isomerase and Glu144 of enoyl-CoA hydratase are appar-
ently different. In the latter case, Glu144 is directly
involved in catalysis [17,23], whereas in dienoyl-CoA iso-
merase, we propose that the function of Asp176 is to opti-
mize the proton transfer properties of Glu196 (see below).
As is shown in Figure 5c, helix 2B of dienoyl-CoA iso-
merase is much longer than helix 2B of enoyl-CoA
hydratase. In the latter, the short helix 2B is followed by
a high B factor loop (Figure 2c), both in the unliganded
structure and when complexed with acetoacetyl-CoA.
This loop becomes completely disordered in the
octanoyl-CoA complex due to the longer fatty-acid tail. In
contrast, this part of the dienoyl-CoA isomerase structure
has low B factors and is very rigid. Interestingly, there is
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Figure 4
The dienoyl-CoA isomerase hexamer. The
view is perpendicular to the threefold axis,
such that the threefold axis runs vertically. The
three subunits in the lower trimer are colored
red, brown, and yellow; the three subunits in
the upper trimer are colored green, blue and
purple. The N terminus, the C-terminal SKL
peptide, and the active-site helix (helix 3) are
highlighted in black in the four subunits in the
foreground. The red subunit is in the same
orientation as in Figure 3. This figure was
prepared using MOLSCRIPT [53] and
Raster3D [54].
Figure 3
Superposition of one subunit each of dienoyl-
CoA isomerase (yellow), enoyl-CoA hydratase
(blue), and 4-chlorobenzoyl-CoA dehalogenase
(red). The break near the C terminus of the
dehalogenase is due to disorder of Arg257 in
this high B-factor loop. A molecule of
acetoacetyl-CoA, as it binds to enoyl-CoA
hydratase [17], is shown in ball-and-stick
representation (green). The N and C termini
are labeled. The active-site helix (helix 3) is
colored in black. This figure was prepared
using MOLSCRIPT [53] and Raster3D [54].
also a high B-factor loop near the active-site pocket in
dienoyl-CoA isomerase, namely the loop between
helices 2A and 2B. In particular, Ile126 in the last turn of
helix 2A had to be built in relatively poor density. The
mainchain hydrogen-bonding interactions of this last turn
of helix 2A show that it is one residue longer than in the
standard α helix. This geometry has been shown to occur
infrequently in other structures as well [24].
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Figure 5
The active site of dienoyl-CoA isomerase.
(a) Stereoview of the unliganded active site.
The backbone is coloured according to a
rainbow color ramp, from the N terminus
(blue) to the C terminus (red). Fragments of
two subunits are shown: the catalytic domain
of one subunit (deep blue to dark green), and
the trimerization domain of the adjacent
subunit (orange to red). The orientation of the
catalytic domain is approximately the same
as that of the yellow subunit of the hexamer
depicted in Figure 4. The strands of sheet B
are labeled B1, B2, B3 and B4. Helices 1,
2A, 2B, 3, 4, 5, 8, 9, and 10 are also labeled.
Helices belonging to the adjacent subunit are
marked with an asterisk. The sidechains of
the hydrophobic residues pointing into the
active site are shown. The catalytic residues
Glu196 (after B4) and Asp204 are shown in
black. Also shown is Asp176 (in helix 3,
pointing to Glu196) and Thr207 (interacting
with Asp176). The hydrophobic sidechains
which are shown are Trp85 (after B1), Ile117
(after B2), Leu119, Met122, Ile126 (in helix
2A), Leu127, Leu141, Leu144, Ile145,
Tyr148, Phe152 (in helix 2B), Val199,
Leu201, Ala203, Val205 (after B4), Leu301,
Ile306 and Val310 (in helix 9 of the adjacent
subunit). The red spheres represent the ten
water molecules also shown in Figure 6a. An
ethylene glycol molecule (green carbon
atoms) is hydrogen bonded to Asp204 and is
labeled ‘EG’. (b) The position of the modeled
fatty-acid tail in the active-site pocket. The
view and color code are the same as in (a).
The sidechains of the catalytic residues of
Glu196 and Asp204 are shown in black.
Also shown are Asp176 (interacting with
Glu196) and Asn297 (interacting with
Asp204). The dashed lines represent the
contacts from Glu196 and Asp204 to C2
and C6 of the fatty-acid tail, respectively. The
hydrogen-bonding interactions of the
thioester oxygen atom to the amide nitrogens
of Ile117 and Gly173 (at the beginning of
helix 3) are also represented by dashed lines.
(c) Comparison of the active-site
environments of unliganded dienoyl-CoA
isomerase (yellow) and enoyl-CoA hydratase
complexed with octanoyl-CoA (blue; ligand in
green). The view is the same as in (a) and
(b). The Cα trace of enoyl-CoA hydratase is
interrupted at helix 2B, due to the presence
of a flexible loop (Figure 2c). The sidechains
of the two catalytic residues of enoyl-CoA
hydratase, Glu144 (in helix 3) and Glu164
(after B4) are shown in blue. The thioester
oxygen atom of the octanoyl-CoA is
hydrogen bonded to Gly141 (beginning of
helix 3) and Ala98 (after B2). The following
sidechains of dienoyl-CoA isomerase are
shown: Ile117 (after B2), Gly173, Asp176
(in helix 3), Glu196, Asp204 (after B4), and
Asn297 (of the adjacent subunit). This figure
was prepared using MOLSCRIPT [53] and
RASTER3D [54].
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Another important feature of the active sites of dienoyl-
CoA isomerase and enoyl-CoA hydratase is the loop just
preceding helix 4. In both structures, this loop is impor-
tant for fixing the sidechain position of the catalytic
residue — Glu144 in enoyl-CoA hydratase, and its equiva-
lent in dienoyl-CoA isomerase, Asp176 (Figures 5 and 6a).
In dienoyl-CoA isomerase, the loop is also important as it
contains the proposed catalytic residue, Asp204. As can be
seen from the sequence alignment in Figure 2c, this aspar-
tate residue also has a catalytic role in 4-chlorobenzoyl-
CoA dehalogenase [18].
Discussion
Import into mitochondria and peroxisomes
Dienoyl-CoA isomerase is one of the few examples of
proteins which are imported into both mitochondria and
peroxisomes; another example is hydroxymethylglutaryl-
CoA lyase [25]. In dienoyl-CoA isomerase, mitochondrial
import is mediated by a mitochondrial N-terminal signal
sequence of 53 residues [15]. The observed molecular
mass of dienoyl-CoA isomerase is reduced from 36 kDa for
the precursor to 32 kDa after cleavage of the signal
sequence, on entering into the mitochondrion. Peroxisomal
import is usually mediated by a C-terminal PTS1 consist-
ing of three residues — Ser325, Lys326 and Leu327, in the
case of dienoyl-CoA isomerase. Import into the peroxisome
yields a dienoyl-CoA isomerase of 36 kDa subunit molecu-
lar mass, implying that the mitochondrial signal sequence
remains attached [15].
The consensus amino-acid sequence for the PTS1 is
[SAGCN]–[RKH]–[LIVMAF] (where square brackets
contain alternative residues for each of the three sites;
PROSITE, accession number PS00342). Several structures
of microbody enzymes with this C-terminal sequence have
been reported, but the C terminus is disordered in all of
them (see PDB entries 1gga, 1gyp, 1lci, 1kif, and 1gox). In
the structure of dienoyl-CoA isomerase, however, the 
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Figure 6
The catalytic residues: their environment in the
unliganded structure and their proposed
mode of action in the reaction mechanism.
(a) Contact distances in the active-site
pocket. The two catalytic residues proposed
to be involved in the proton transfer steps are
drawn with thicker lines. The asterisk at
Asn297 indicates that this residue belongs to
an adjacent subunit. The ethylene glycol
molecule hydrogen bonded to Asp204 is
labeled ‘EtG2’. Water molecules are
designated ‘Wat’. (b) The proposed reaction
mechanism. The dashed lines indicate the
hydrogen-bonding interactions of the thioester
oxygen atom with the residues forming the
oxyanion hole. These interactions are
observed in the crystal structures of both
enoyl-CoA hydratase and 4-chlorobenzoyl-
CoA dehalogenase in complex with their
respective substrate analogs. This reaction
mechanism implies that Glu196 is
unprotonated and Asp204 is protonated in
the presence of 3-trans,5-cis-dienoyl-CoA,
and vice versa for the reverse reaction. Some
small rearrangements in the comformation of
the sidechain of Glu196 (with respect to the
unliganded structure) may be necessary
during catalysis to allow for its proposed
protonation states.
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Structure
C-terminal tail is well ordered and has low B factors. This
order is not due to crystal contacts, but is an intrinsic prop-
erty of the hexamer. As is shown in Figure 4, the PTS1 is
bound in a pocket between the two trimers that make up
the hexamer. The sides of the pocket are formed by the
loop following helix 1 of the same trimer, and by residues
at the beginning of helix 2B of the other trimer; the
bottom of the pocket is formed by residues at the begin-
ning of helix 8 of the same trimer. The PTS1 adopts an
extended conformation and is associated with well-defined
electron density. Both hydrophobic interactions (such as
between Leu327 and Trp139 in helix 2B of the other
trimer) and hydrogen-bonding interactions stabilize the
structure of the Ser–Lys–Leu peptide (Figure 7).
The extent of the interactions of the C-terminal tail of a
dienoyl-CoA isomerase hexamer with neighbouring
protein atoms result in the tail essentially being buried in
the protein. The buried molecular surface area of the
Ser–Lys–Leu peptide is 200 Å2. Only the sidechain of
Lys326 is solvent exposed (Figure 4). Import of proteins
into the peroxisome requires that the targeting signal
interacts with its cytosolic receptor, Pex5p [26], suggest-
ing that hexamers of dienoyl-CoA isomerase preprotein,
with the N-terminal sequence still attached, are not
formed in the cytosol. This would be consistent with the
current view of mitochondrial import. Indeed, protein
translocation across the mitochondrial membrane requires
extensive unfolding of the preprotein. Mitochondrial pre-
proteins are therefore either kept in a partially unfolded
state or are actively unfolded in the cytosol, as a result of
interactions with molecular chaperones such as the heat
shock protein Hsp70 [27,28]. The N-terminal signal
sequence itself can also act as a chaperone [29]. This may
be the case for hydroxymethylglutaryl-CoA lyase, which
is targeted to both mitochondria and peroxisomes, and
which has been shown to form dimers in mitochondria
(after cleavage of the presequence) and monomers in the
peroxisome, where the presequence is still present [25].
Similarly, in the case of dienoyl-CoA isomerase, a destabi-
lization of the hexameric structure by a molecular chaper-
one or the presequence in the cytosol is probably
essential not only to keep the protein competent for mito-
chondrial import, but also to keep the peroxisomal target-
ing signal available for binding to its receptor. On entry
into the mitochondrion the signal sequence is cleaved off,
resulting in the formation of hexamers as observed in the
crystal structure.
Reaction mechanism
Dienoyl-CoA isomerase catalyses the conversion of
3-trans,5-cis dienoyl-CoA into 2-trans,4-trans dienoyl-CoA.
The reaction resembles other isomerization reactions,
such as those catalysed by ∆3,5-enoyl-CoA isomerase [30]
and ∆5-3-ketosteroid isomerase [31]. For the latter
enzymes, it has been shown that protic sidechains of
aspartate or glutamate residues are essential for catalysis
[31,32]. The structure of the active site of dienoyl-CoA
isomerase shows that, for this enzyme, Asp176, Glu196
and Asp204 are pointing into the active-site pocket.
The docking calculations of the octadienoyl-CoA demon-
strate that the active-site pocket can accommodate an
extended fatty-acid tail with minimal structural changes.
It also shows that the sidechains of Glu196 and Asp204 are
positioned correctly to facilitate the catalysis, schemati-
cally outlined in Figure 6b. The docked conformation is
consistent with a 3-trans,5-cis isomer as the substrate and a
2-trans,4-trans isomer as the product. In the proposed
mechanism, the Oε2 atom of Glu196 abstracts a proton
from C2 of the substrate. This is facilitated by the binding
of the thioester oxygen atom in the oxyanion hole formed
by the peptide nitrogens of Ile117 (in the loop preceding
helix 2A) and of Gly173 (at the beginning of helix 3). The
abstraction of the proton by Glu196 initiates a rearrange-
ment of the double bonds, causing Asp204 to donate its
proton to C6 of the substrate, thus preventing the accu-
mulation of charge in the substrate. This is in agreement
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Figure 7
Stereoview showing the mode of binding of
the C-terminal PTS1 in a pocket between
subunits belonging to two different trimers
within the same hexamer of dienoyl-CoA
isomerase. The coloring scheme and
orientation are similar to those used in
Figure 4. The PTS1, colored yellow, belongs
to the red subunit of the lower trimer. The
targeting signal interacts via hydrophobic- and
hydrogen-bonding interactions (dashed lines)
with Ser99 (in the loop after helix 1) of its own
subunit (red) and with helix 2B of the blue
subunit of the upper trimer. This figure was
prepared using ICM software [21].
with previous experiments, which show that the two
double bonds are shifted simultaneously by dienoyl-CoA
isomerase [9]. The proposed mechanism is further sup-
ported by deuterium labeling experiments which show
that the proton abstracted from C2 of the substrate is the
pro-R proton [13]. Indeed, Glu196 is situated on the same
side of the substrate as the pro-R proton on the C2 atom. 
From the structural data, it is not clear whether the
sidechains of the catalytic residues will adopt different
conformations during catalysis. Hydrogen-bonding inter-
actions seem to anchor the sidechains of the catalytic
residues firmly, particularly those of Asp176 and Asp204
(Figure 6a). The docking calculations, however, suggest
that small structural adjustments of the sidechains of
Glu196 and Ile117 are necessary to allow binding of the
fatty-acid tail. A similar arrangement of active-site
residues is observed in cyclodextrin glycosyltransferase,
which has an aspartate–glutamate pair and an additional
aspartate as its catalytic residues [33]. In cyclodextrin gly-
cosyltransferase, the sidechain of the central catalytic glu-
tamate adopts a different conformation in the presence of
an active-site ligand, causing the hydrogen bond with the
aspartate to be broken [34].
The proposed reaction mechanism imposes specific
requirements on the protonation states of the catalytic
residues. Despite the high pH of the crystallization mother
liquor (pH 8.75), both Glu196 and Asp176 seem to be pro-
tonated in the unliganded structure. The distances shown
in Figure 6a indicate hydrogen bonds between Oδ1 of
Asp176 and the mainchain oxygen of Gly172, and between
Oε2 of Glu196 and Oδ1 of Asp176. The hydrogen-bonding
pattern of Asp176 favors a highly protonated state, and
therefore a high pKa. The hydrogen bond between Glu196
and Asp176 therefore plays an important role in increasing
the pKa of Glu196 to the level required for catalysis. The
sidechain of Glu196 is also hydrogen bonded to Asp204 via
a water molecule. The pKa values of these sidechains will
therefore be coupled. The Asp204 sidechain is surrounded
by hydrophobic sidechains (Figure 5a), apart from Asn297
of the adjacent subunit and Wat78, which anchor the
Asp204 sidechain (Figure 6a). Although the pocket con-
tains a number of solvent molecules in the unliganded
form, in the structure containing the modeled substrate
only Wat78 and Wat63 of this water cluster can be accom-
modated in the active site. This shielded, apolar environ-
ment might also explain how dienoyl-CoA isomerase is able
to achieve a high pH optimum (pH 8) [9] while preserving
a high degree of protonation of the acidic residues in its
active site. A shielded, apolar environment resulting in a
high pKa has also been described for the catalytic aspartate
in the active site of ∆5-3-ketosteroid isomerase [31]. 
In order to confirm the proposed reaction mechanism,
Asp204 of dienoyl-CoA isomerase was replaced by an
alanine or an asparagine residue, using site-directed muta-
genesis. It was determined by size-exclusion chromato-
graphy that both mutants (D204A and D204N) had the
same native molecular mass as wild-type dienoyl-CoA iso-
merase (170 kDa), implying that the mutants assemble
into correctly-folded hexamers. Despite the ability to form
hexamers, both mutants were catalytically inactive. This is
in agreement with Asp204 playing an essential catalytic
role as the proton donor for C6 in the substrate. Further-
more, 4-chlorobenzoyl-CoA dehalogenase has a catalytic
aspartate in the same position (Figure 2c), namely Asp145.
Mutation of this aspartate to an alanine results in an inhi-
bition of catalysis [35]. The potential catalytic role of
Glu196 as a proton acceptor for C2 of the substrate is
underpinned by site-directed mutagenesis studies in
enoyl-CoA hydratase. The analogous residue in this
enzyme, Glu164, is also believed to act as a proton accep-
tor at C2 of the substrate, and has been shown to be essen-
tial for catalysis (TR Kiema, CK Engel, W Schmitz, SAF,
RKW, JKH, unpublished results).
Although dienoyl-CoA isomerase has a broad substrate
specificity, its specific activity decreases with increasing
length of the fatty-acid tail. An analysis of the structure
near the active site shows that the residues near the end of
helix 2A, as well as the residues in helix 10 and the subse-
quent loop of the adjacent subunit, have high B factors.
These elements of the structure form a ‘lid’ over the
active-site pocket, shielding the active site from the bulk
solvent (Figure 5). The high B factors in these regions
suggest that some degree of structural flexibility might be
required in order to allow substrate binding. This might
be particularly relevant for substrates with very long fatty-
acid tails that might not fit into the existing binding
pocket. A conformational rearrangement required for the
binding of longer substrates might explain why the activ-
ity for the C20 substrate, 3-trans-5,8,12,15-cis,cis,cis,cis-
eicosapentaenoyl-CoA (a derivative of arachidonic acid), is
one order of magnitude lower than for the C8 substrate
[15]. Structural studies aimed at establishing the mode of
binding of substrates with short and long unsaturated
fatty-acid chains have been initiated.
Biological implications
Fatty acids are vital to all living organisms, not only as a
concentrated source of metabolic energy but also as pre-
cursors of hormones, intracellular messengers, and
building blocks for biological membranes. Fatty acids
are metabolized by the sequential removal of two-
carbon units in the main β-oxidation pathway, but most
natural fatty acids, including arachidonate and essential
fatty acids such as linoleate and linolenate, require an
auxiliary pathway in addition to the main β-oxidation
pathway in order to be metabolized. Dienoyl-CoA iso-
merase catalyzes one step in this pathway, in both mito-
chondria and peroxisomes.
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Dienoyl-CoA isomerase belongs to a family of over 30
CoA-binding proteins that share the enoyl-CoA
hydratase/isomerase sequence motif. Our crystal struc-
ture of hexameric dienoyl-CoA isomerase shows that
the overall fold closely resembles that of the two other
enzymes of this family for which structures have been
solved — enoyl-CoA hydratase and 4-chlorobenzoyl-
CoA dehalogenase — suggesting a common evolution-
ary origin for these enzymes. Differences in the shape of
the substrate-binding pocket in these three enzymes
have been observed, however, and these are mainly due
to differences in α helices in the second turn of the
ββα barrel, which forms the core of the fold. These
helices protrude out of the trimers within each hexamer
and form many of the intertrimer interactions in
dienoyl-CoA isomerase and enoyl-CoA hydratase, sug-
gesting that the formation of hexamers in these two
enzymes could be important for stabilizing the architec-
ture of the active-site pocket. This is not the case for 4-
chlorobenzoyl-CoA dehalogenase, which forms only
trimers. A key feature of these enzymes is the conserved
anion hole for binding of the thioester oxygen of the sub-
strate in order to enhance catalysis. The structure of
dienoyl-CoA isomerase shows that the deep active-site
pocket is entirely hydrophobic, with the exception of the
acidic residues Asp176, Glu196 and Asp204. The rela-
tive positions of these residues suggest a reaction mecha-
nism in which Glu196 acts as a proton acceptor and
Asp204 acts as a proton donor. 
The crystal structure of dienoyl-CoA isomerase also
shows that the C-terminal peroxisomal targeting signal
is, for the most part, shielded from the solvent in the
hexamer. However, import into the peroxisome is medi-
ated by a cytosolic receptor, which binds to the targeting
signal, suggesting that dienoyl-CoA isomerase is pre-
vented from forming hexamers in the cytosol. This could
be due to interactions with molecular chaperones, or
with its own N-terminal mitochondrial signal sequence.
Materials and methods
Expression and purification of wild-type, D204A and D204N
dienoyl-CoA isomerase
Dienoyl-CoA isomerase was cloned from rat [14] and overexpressed in
Escherichia coli. The DNA construct used for overexpression was trun-
cated at the N terminus in order to exclude the mitochondrial signal
sequence, the extent of which was determined by multiple sequence
comparison with the sequences of enoyl-CoA hydratase, enoyl-CoA
isomerase, and 4-chlorobenzoyl-CoA dehalogenase. The final construct
used for expression of wild-type dienoyl-CoA isomerase started at
Tyr54 and extended until the C terminus, at Leu327. A methionine and
an alanine were inserted at the N-terminal end of the construct to allow
efficient expression. Wild-type dienoyl-CoA isomerase was expressed
and purified as previously described [15]. The D204A and D204N
mutations were introduced to the coding region using the
QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) according to the manufacturer’s instructions. The following
oligonucleotides were used: 5′-C CTG GCT GCT GCT GTA GGA
ACG C-3′ and 5′-G CGT TCC TAC AGC AGC AGC CAG G-3′ for the
D204A mutation; 5′-GC CTG GCT GCT AAT GTA GGA ACG C-3′
and 5′-G CGT TCC TAC ATT AGC AGC CAG GC-3′ for the D204N
mutation. The polymerase chain reaction (PCR) was performed using
Pfu polymerase and was as follows: hot start at 95°C for 2 min followed
by 12 cycles of 95°C for 30 s, 55°C for 1 min, 68°C for 12 min. The
methylated parental DNA was digested by 10 U DpnI (1.5 h at 37°C).
The PCR product was transformed into Epicurian supercompetent E.
coli cells, supplied in the kit. The mutant forms of dienoyl-CoA iso-
merase, D204A and D204N, were expressed and purified using the
same method as was used for the wild-type protein. The native molecu-
lar mass was determined by size-exclusion chromatography [15]. The
pure dienoyl-CoA isomerase was frozen in liquid nitrogen and stored in
200 mM potassium phosphate, pH 7.2, 3 mM EDTA, 3 mM EGTA,
0.02% (w/v) sodium azide at –80°C.
Crystallization and data collection
Frozen samples of dienoyl-CoA isomerase were thawed and then dia-
lyzed against 25 mM potassium phosphate, pH 7.0, 100 mM sodium
chloride, 1 mM reduced dithiothreitol (DTT), 1 mM EDTA and 1 mM
sodium azide at 4°C. The protein was then concentrated to 2.0 mg/ml
by centrifugal filtration. Crystals were grown at 21°C using the hanging-
drop vapor-diffusion method. The precipitant solution contained 1.75 M
magnesium sulphate, 100 mM Tris-hydroxymethyl-amino methane
(TRIS) hydrochloride, pH 8.75, 2% (v/v) ethylene glycol, 1 mM DTT,
1 mM EDTA, and 1 mM sodium azide. Prismatic crystals with a triangu-
lar base grown under these conditions reached a size of up to
0.27 × 0.27 × 0.20 mm3 in about five days.
Crystals were transferred to a cryoprotecting mother liquor that was
made by adding ethylene glycol to the original mother liquor to a final
concentration of 15% (v/v). Crystals transferred directly to the cryopro-
tectant suffered significant damage, however. This was avoided by
including 2% ethylene glycol in the crystallization solution and by trans-
ferring the resulting crystals sequentially into three intermediate mother
liquors containing 3%, 7% and 10% ethylene glycol, respectively. The
crystals were then flash frozen in a stream of gaseous nitrogen cooled
to 100K. All data were collected at 100K, to prevent radiation damage
to the crystals, at DESY on beamline X11 of the European Molecular
Biology Laboratory Hamburg Outstation. The native dataset was col-
lected in two passes, as the 30 cm MarResearch detector was satu-
rated at low resolution, when the high-resolution reflections were being
measured. The first, high-resolution, pass spanned a resolution of
25–1.5 Å; the low-resolution pass spanned a resolution of 25–2.5 Å.
Two derivative datasets were collected from crystals which had been
soaked in mother liquor containing 1mM parachloromercuriphenyl
sulphonate (PCMPS) for 10 min and 5 h, respectively. Both derivative
datasets were collected with a resolution span of 25–2.65 Å. The
native dataset and the two derivative datasets were collected from one
crystal each, on the same beamline, at a wavelength of 0.9092 Å. Data
processing with programs from the HKL package [36] showed that the
space group was either P3121 or P3221. It was not until solvent flat-
tening calculations were performed (see below) that it became appar-
ent that the actual space group was P3121. The data processing was
repeated using the programs MOSFLM and SCALA from the CCP4
program suite [37] in an effort to extract as much anomalous signal as
possible. The cell dimensions for the native dataset refined to
a = 131.5 Å, b = 131.5 Å, c = 96.7 Å, α = 90°, β = 90° and γ = 120°.
The cell dimensions for the derivative dataset differed from the native
by no more than 0.2%. The final statistics for the processing of the
native and derivative datasets are given in Table 2.
Structure determination
The structure was solved by the method of isomorphous replacement
with anomalous scattering. The derivative datasets were scaled to the
native using the program SCALEIT [37]. Isomorphous difference Patter-
son maps were calculated, and three heavy atom positions were
extracted with the program RSPS [37]. The heavy-atom positions were
then refined and initial protein phases were calculated with the program
MLPHARE [38]. The cell dimensions of the crystals and the molecular
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weight of dienoyl-CoA isomerase suggested that each asymmetric unit
contained three protein subunits. A threefold non-crystallographic sym-
metry axis was therefore expected. Upon visual inspection of the three
heavy atom sites and their symmetry-related sites within the unit cell, a
set of three equidistant sites was identified. The distance between the
sites was compatible with each site belonging to one subunit of a
trimeric assembly of protein subunits. The non-crystallographic axis was
taken to be running through the centre of mass of the three sites and
perpendicular to the plane formed by the three sites. The non-crystallo-
graphic symmetry operators were taken to be those operators which
gave the lowest rmsd in heavy atom positions in a least-squares com-
parison of the three sites. The position of the non-crystallographic axis
defined in this way coincided with a 4σ peak in the self-rotation function
with κ = 120° calculated with the program GLRF [39]. 
From difference Fourier (FPH–FP) maps, six more sites were identified in
the derivative dataset with the higher heavy-atom occupancy. The
results from the phasing procedure are given in Table 2. The final
average figure of merit for the resolution range 10–2.65 Å was 0.47.
The phases were further improved by solvent flattening calculations
with the program DM [40]. Elements of protein secondary structure
could clearly be distinguished in the resulting electron-density map.
This allowed the atomic coordinates of enoyl-CoA hydratase [17] and
of 4-chlorobenzoyl-CoA dehalogenase [18], which were believed to
have the same fold as dienoyl-CoA isomerase on the basis of
sequence similarity, to be superimposed onto the skeletonized elec-
tron-density map. A mask was constructed from the resulting coordi-
nates and was used in non-crystallographic symmetry averaging
calculations with the program DM [40]. The protein phases were
extended from 2.65 Å to 1.5 Å resolution over 100 cycles of DM. The
resulting electron-density map allowed a molecular model to be built for
dienoyl-CoA isomerase, which included all mainchain atoms and all but
40 out of 822 sidechains, using the program O [41].
Refinement
The protein model was refined using a maximum-likelihood residual
with the program REFMAC [42]. Five cycles of refinement followed by
model building were required. The model building was performed with
the program O [41], using weighted electron-density maps. The
weighting coefficients for the electron-density maps produced by
REFMAC are based on the SIGMAA weighting scheme [42,43].
Water molecules were added iteratively at the end of each refinement
cycle by the program ARP [44]. A total of 949 water molecules were
included in the final coordinates. Seven molecules of ethylene glycol,
eight sulphate ions, and four octahedrally coordinated Mg(H2O)6 com-
plexes were also included. The water–Mg distance was restrained to
2.1 Å, as is observed in structures in the Cambridge Small-molecule
Database [45]. After the last refinement cycle, all residues and their
sidechains were built into the electron-density map, starting at residue
53, which is where the recombinant protein begins, and ending at
residue 327, the C terminus. No non-crystallographic restraints were
used. A total of 40 alternative conformations were added to the model,
starting in the third cycle of refinement. An example is shown in Figure 8.
Restrained isotropic B factors were refined individually for each atom.
The native dataset exhibited a significant overall anisotropy in the fall-off
of structure factors with resolution in three orthogonal directions in reci-
procal space (data not shown). An overall anisotropic correction was
therefore applied to the native data in the fourth cycle of refinement by
scaling the observed structure factors (Fo), against the calculated struc-
ture factors (Fc) with anisotropic scale factors using the program
SCALEIT [37]. This caused the overall Rfactor to drop from 19.9% to
17.8% and the Rfree dropped from 23.5% to 20.9%. Further corrections
and improvements brought the overall Rfactor down to 17.6% and the
Rfree to 20.5% (Table 1). These values were 34.2% and 33.8%, respec-
tively, before refinement. The quality of the model was assessed with the
structure-validation programs PROCHECK [46] and WHAT IF [47].
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Figure 8
Stereoview of the electron-density map near
Arg77 of subunit A. The map is a weighted
2Fo–Fc map calculated with data from 15 Å to
1.5 Å. The contouring is at 0.8σ. Two distinct
conformations for the sidechain can be
distinguished. The two different conformations
were used during refinement with a 3:2
occupancy ratio. Water molecules are
represented by red spheres. This figure was
prepared using the program O [41].
Table 2 
Data processing and heavy atom statistics.
Dataset Native PCMPS*-1 PCMPS*-2
Lower resolution limit (Å) 25 25 25
Upper resolution limit (Å) 1.5 2.65 2.65
Overall Rmerge† (%) 5.0 4.5 9.6
Overall completeness (%) 94.1 96.6 95.6
Completeness in highest 84.3 86.4 90.0
resolution shell (%)
Overall I/σ 9.6 14.3 7.3
I/σ in highest resolution shell 1.7 7.9 3.0
Soaking time (min) 300 10
PCMPS* concentration (mM) 1 1
Rdiff‡ 0.143 0.107
Number of sites 9 3
Rcullis§ (centric) 0.65 0.72
Phasing power¶ (acentric, centric) 1.88, 1.39 1.38, 1.00
Average figure of merit for the resolution range 10–2.65 Å: 0.46,
acentric; 0.61, centric; and 0.47, overall. *Parachloromercuriphenyl
sulphonate. †Rmerge = (ΣhΣi|Ih,i–<I>h|)/ΣhΣi|<I>h|.
‡Rdiff = Σ|FPH–FP|/Σ|FP.|. §Rcullis = Σ||FPH ± FP|–|FH||/Σ|FPH ± FP|.
¶Phasing power = rms(FH)/rms(E). FP, FPH and FH are the native,
derivative and heavy atom structure factor amplitudes, respectively,
and E is the lack of closure error.
Some relatively minor corrections were made as a result of the latter
program, such as flipping of certain asparagine, glutamine and histidine
sidechains, and removal or displacement of some water molecules.
Structure analysis and modeling calculations
The structures of dienoyl-CoA isomerase, enoyl-CoA hydratase (PDB
entries 1dub, 2dub) and 4-chlorobenzoyl-CoA dehalogenase (PDB
entry 1nzy) were superimposed and compared with the program O [41].
Only the β strands were used to perform the superpositions. Specifi-
cally, the residues used were 66–70, 103–107, 162–166, 169–171,
183–186, 191–193 and 245–246 of dienoyl-CoA isomerase. The
sequence alignment was calculated with Clustal_X software [48] and
verified against the available structures. The molecular surface area was
calculated with the MSP program (version 1.4 [49]), employing the
same parameters as were previously described [50].
The mode of binding of octadienoyl-CoA in dienoyl-CoA isomerase
was modeled using the program ICM [21]. The initial position of the
substrate was obtained from the superposition of the octanoyl-
CoA/enoyl-CoA hydratase complex onto dienoyl-CoA isomerase.
Hydrogen atoms were added to the crystal structures of dienoyl-CoA
isomerase and octadienoyl-CoA, which were subsequently energy
minimized to remove strain prior to the modeling calculations. A global
minimization was then performed by running a BPMC docking simula-
tion during which a 1-trans-3-trans-5-cis conformation of the octa-
dienoyl tail was imposed. The simulations were carried out at a
temperature of 3000K, allowing only the ligand to vary. Three distance
restraints were included in these calculations. The thiol ester oxygen
atom of the substrate was tethered by imposing distance restraints to
the nitrogens of Gly173 and Ile117. The third distance restraint
enforced a hydrogen bond between the N6 atom of the amine group
of the adenine and the oxygen of Ile117. These interactions are also
observed in both enoyl-CoA hydratase and 4-chlorobenzoyl-CoA
dehalogenase [17,18]. After the BPMC protocol, a minimization step
was performed in which both the ligand atoms and the protein atoms
were allowed to vary.
Accession numbers
The coordinates and structure factors have been deposited at the
PDB, with the accession code 1dci.
Acknowledgements 
The data were collected at the EMBL X11 beamline on the DORIS
storage ring of the German electron-synchrotron facility (Deutches Elec-
tron-Synchrotron, DESY) in Hamburg. We are grateful to Victor Lamzin
and Paul Tucker for help during the data collection, and to Ruben
Abagyan for advice on the modeling calculations. JKH was supported by
grants from the Academy of Finland and the Sigrid Juselius Foundation.
References
1. Lazarow, P.B. & de Duve, C. (1976). Fatty acyl-CoA oxidizing system
in rat liver peroxisomes; enhancement by clofibrate, a prypolipidemic
drug. Proc. Natl. Acad. Sci. USA 73, 2043-2046.
2. Stryer, L. (1988). In Biochemistry. W. H. Freeman and Company, New
York, USA. pp 469-493.
3. Tsai, S.-C., Avignan, J. & Steinberg, D. (1969). Studies on the α-
oxidation of phytanic acid by rat liver mitochondria. J. Biol. Chem.
244, 2682-2692.
4. van Veldhoven, P.P. et al., & Mannaerts, G.P. (1991). Identification
and purification of a peroxisomal branched chain fatty acyl-CoA
oxidase. J. Biol. Chem. 266, 24676-24683.
5. Müller-Newen, G. & Stoffel, W. (1991). Mitochondrial 3-2trans-enoyl-
CoA isomerase. Purification, cloning, expression, and mitochondrial
import of the key enzyme of unsaturated fatty acid β-oxidation. Biol.
Chem. Hoppe Seyler 372, 613-624.
6. Tserng, K.Y. & Jin, S.J. (1991). NADPH-dependent reductive metabolism
of cis-5 unsaturated fatty acids. J. Biol. Chem. 266, 11614-11620.
7. Schmitz, W., Fingerhut, R. & Conzelmann, E. (1994). Purification and
properties of an a-methylacyl-CoA racemase from rat liver. Eur. J.
Biochem. 222, 313-323.
8. Luthria, D.L., Svetla, P.B. & Sprecher, H. (1995). Double bond
removal from odd-numbered carbons during peroxisomal β-
oxidation of arachidonic acid requires both 2,4-dienoyl-CoA
reductase and ∆3,5, ∆2,4-dienoyl-CoA isomerase. J. Biol. Chem.
270, 13771-13776.
9. Luo, M.J., Smeland, T.E., Shoukry, K. & Schulz, H. (1994). ∆3,5, ∆2,4-
Dienoyl-CoA isomerase from rat liver mitochondria. J. Biol. Chem.
269, 2384-2388.
10. He, X.-Y., Shoukry, K., Chu, C., Yang, J., Sprecher, H. & Schulz, H.
(1995). Peroxisomes contain ∆3,5, ∆2,4-dienoyl-CoA isomerase and
thus possess all enzymes required for the β-oxidation of
unsaturated fatty acids by a novel reductase-dependent pathway.
Biochem. Biophys. Res. Commun. 215, 15-22.
11. Dommes, V., Baumgart, C. and Kunau, W.-H. (1981). Degradation
of unsaturated fatty acids in peroxisomes. J. Biol. Chem. 256,
8259-8262.
12. Kärki, T., Hakkola, E., Hassinen, I.E. & Hiltunen, J.K. (1987). β-
oxidation of polyunsaturated fatty acids in peroxisomes. Subcellular
distribution of ∆3, ∆2-enoyl-CoA isomerase activity in rat liver. FEBS
Lett. 215, 228-232.
13. Chen, L.-S., Jin, S.-J. & Tserng, K.-Y. (1994). Purification and
mechanism of ∆3, ∆5-t-2,t-4-dienoyl-CoA isomerase from rat liver.
Biochemistry 33, 10527-10534.
14. FitzPatrick, D.R., Germain-Lee, E. & Valle, D. (1995). Isolation and
characterization of rat and human cDNAs encoding a novel putative
peroxisomal enoyl-CoA hydratase. Genomics 27, 457-466. 
15. Filppula, S.A. et al., & Hiltunen,J.K. (1998). ∆3,5, ∆2,4-dienoyl-CoA
isomerase from rat liver. Molecular characterization. J. Biol. Chem.
273, 349-355.
16. Engel, C.K. & Wierenga, R.K. (1996). The diverse world of CoA-binding
proteins. Curr. Opin. Struct. Biol. 6, 790-797.
17. Engel, C.K., Mathieu, M., Zeelen, J.P., Hiltunen, J.K. & Wierenga, R.K.
(1996). Crystal structure of enoyl-coenzyme A (CoA) hydratase at
2.5 Å resolution: a spiral fold defines the CoA-binding pocket. EMBO
J. 15, 5135-5145.
18. Benning, M.M. et al., & Holden, H.M. (1996). Structure of 4-
chlorobenzoyl-coenzyme A dehalogenase determined to 1.8 Å
resolution: an enzyme catalyst via adaptive mutation. Biochemistry
35, 8103-8109.
19. Hass, G.M. & Hill, R.L. (1969). The subunit structure of crotonase.
J. Biol. Chem. 244, 6080-6086.
20. Engel, C.K., Kiema, T.R., Hiltunen, J.K. & Wierenga, R.K. (1998).
The crystal structure of enoyl-CoA hydratase complexed with
octanoyl-CoA reveals the structural adaptations required for
binding of a long chain fatty acid-CoA molecule. J. Mol. Biol. 275,
847-859.
21. Abagyan, R. & Totrov, M. (1994). Biased Probability Monte Carlo
conformational searches and electrostatics calculations for
peptides and proteins. J. Mol. Biol. 235, 983-1002.
22. Flocco, M.M. & Mowbray, S.L. (1995). Strange bedfellows: Interactions
between acidic sidechains in proteins. J. Mol. Biol. 254, 96-105.
23. He, X.Y. & Yang, S.Y. (1997). Glutamate-119 of the large alpha-
subunit is the catalytic base in the hydration of 2-trans-enoyl-
coenzyme A catalyzed by the mutienzyme complex of fatty acid
oxidation from Escherichia coli. Biochemistry 36, 11044-11049.
24. Keefe, L.J., Sondek, J., Shortle, D. & Lattman, E.E. (1993). The
α-aneurism: a structural motif revealed in an insertion mutant of
staphylococcal nuclease. Proc. Natl Acad. Sci. USA 90, 3275-3279.
25. Ashmarina, L.I., Robert, M.-F., Elsliger, M.-A. & Mitchell, G.A.
(1996). Characterization of the hydroxymethylglutaryl-CoA lyase
precursor, a protein targeted to peroxisomes and mitochondria.
Biochem. J. 315, 71-75.
26. Distel, B. et al., & Veenhuis, M. (1996). A unified nomenclature for
peroxisome biogenesis factors. J. Cell Biol. 135, 1-3.
27. Matouschek, A., Azem, A., Ratliff, K., Glick, B.S., Schmid, K. & Schatz, G.
(1997). Active unfolding of precursor proteins during mitochondrial
protein import. EMBO J. 16, 6727-6736.
28. Neupert, W. (1997). Protein Import into Mitochondria. Annu. Rev.
Biochem. 66, 863-917.
29. Hàjek, P., Koh, J.Y., Jones, L. & Bedwell, D.M. (1997). The amino
terminus of the F1-ATPase β-subunit precursor functions as an
intramolecular chaperone to facilitate mitochondrial protein import.
Mol. Cell. Biol. 17, 7169-7177.
30. Stoffel, W. & Grol, M. (1978). Purification and properties of 3-cis-2-
trans-enoyl-CoA isomerase (dodecenoyl-CoA ³-isomerase) from rat
liver mitochondria. Hoppe Seyler’s Z. Physiol. Chem. 359, 1777-1782.
Research Article  Crystal structure of dienoyl-CoA isomerase Modis et al. 969
31. Kim, S.W. et al., & Oh, B.-H. (1997). High-resolution structures of
∆5-3-ketosteroid isomerase with and without a reaction intermediate
analogue. Biochemistry 36, 14030-14036.
32. Müller-Newen, G. & Stoffel, W. (1993). Site-directed mutagenesis of
putative active-site amino acid residues of 3,2-trans-enoyl-CoA
isomerase, conserved within the low-homology isomerase/hydratase
enzyme family. Biochemistry 32, 11405-11412.
33. Klein, C. & Schulz, G.E. (1991). Structure of cyclodextrin
glycosyltransferase refined at 2.0 Å resolution. J. Mol. Biol.
217, 737-750.
34. Strokopytov, B., Penninga, D., Rozeboom, H.J., Kalk, K.H., Dijkhuizen,
L. & Dijkstra, B.W. (1995). X-ray structure of cyclodextrin glycosyl
transferase. Biochemistry 34, 2234-2240.
35. Taylor, K.L., Xiang, H., Liu, R.-Q., Yang, G. & Dunaway-Mariano, D.
(1997). Investigation of substrate activation by 4-chlorobenzoyl-
coenzyme A dehalogenase. Biochemistry 36, 1349-1361.
36. Otwinowski, Z. (1993). Oscillation data reduction program. In Data
Collection and Processing. Proceedings of the CCP4 Study
Weekend. (Sawyer, L., Isaacs, N. & Bailey, S., eds), pp. 56-62, SERC
Daresbury Laboratory, Warrington, UK.
37. Collaborative Computational Project 4 (1994). The CCP4 suite:
programs for protein crystallography. Acta Cryst. D 50, 760-763.
38. Otwinowski, Z. (1991). Maximum likelihood refinement of heavy atom
parameters. In Proceedings of the CCP4 Study Weekend. (Wolf, W.,
Evans, P.R. & Leslie, A.G.W., eds), pp. 80-85, SERC Daresbury
Laboratory, Warrington, UK.
39. Tong, L. (1993). REPLACE, a suite of computer programs for
molecular-replacement calculations. J. Appl. Cryst. 26, 748-751.
40. Cowtan, K.D. & Main, P. (1996). Phase combination and cross
validation in iterated density-modification calculations. Acta Cryst. D
52, 43-48.
41. Jones, T.A., Zou, J.-Y., Cowan, S.W. & Kjeldgaard, M. (1991).
Improved methods for building protein models in electron density
maps and the location of errors in these models. Acta Cryst. A
47, 110-119.
42. Murshudov, G.N., Vagin, A.A. & Dodson, E.J. (1997). Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Cryst. D 53, 240-255.
43. Read, R.J. (1986). Improved fourier coefficients for maps using
phases from partial structures with errors. Acta Cryst. A 42, 140-149.
44. Lamzin, V.S. & Wilson, K.S. (1993). Automated refinement of protein
models. Acta Cryst. D 49, 129-147.
45. Allen, F.H. & Kennard, O. (1993). 3D search and research using the
Cambridge Structural Database. Chem. Design Automation News
8, 1 & 31-37.
46. Laskowski, R.A., MacArthur, M.W., Moss, D.S. & Thornton, J.M.
(1993). PROCHECK: a program to check the stereochemical quality
of protein structures. J. Appl. Cryst. 26, 283-291.
47. Vriend, G. (1990). WHAT IF: a molecular modeling and drug design
program. J. Mol. Graph. 8, 52-56.
48. Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F. & Higgins,
D.G. (1997). The CLUSTAL_X windows interface: flexible strategies
for multiple sequence alignment aided by quality analysis tools.
Nucleic Acids Res. 25, 4876-4882.
49. Connolly, M.L. (1993). The molecular surface package. J. Mol. Graph.
11, 139-141.
50. Wierenga, R.K., Noble, M.E.M. & Davenport, R.C. (1992). Comparison
of the refined crystal structures of liganded and unliganded chicken,
yeast and trypanosomal triosephosphate isomerase. J. Mol. Biol.
224, 1115-1126.
51. Noble, M.E.M., Zeelen, J.P. & Wierenga, R.K. (1993). Structure of
triosephosphate isomerase from Escherichia coli determined at 2.6 Å
resolution. Acta Cryst. D 49, 403-417.
52. Filppula, S.A., Sormanen, R.T., Hartig, A., Kunau, W.-H. & Hiltunen,
J.K. (1995). Changing stereochemistry for a metabolic pathway in
vivo: Experiments with peroxismal β-oxidation. J. Biol. Chem.
270, 27453-27457.
53. Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both detailed
and schematic plots of protein structures. J. Appl. Cryst. 24, 946-950.
54. Merritt, E.A. & Bacon, D.J. (1997). Raster3D photorealistic molecular
graphics. Methods Enzymol. 277, 505-524.
970 Structure 1998, Vol 6 No 8
